ABSTRACT: The structural and electronic properties of Hg, SO 2 , HgS, and HgO adsorption on Au(111) surfaces have been determined using density functional theory with the generalized gradient approximation. The adsorption strength of Hg on Au(111) increases by a factor of 1.3 (from −9.7 to −12.6 kcal/mol) when the number of surface vacancies increases from 0 to 3; however, the adsorption energy decreases with more than three vacancies. In the case of SO 2 adsorption on Au(111), the Au surface atoms are better able to stabilize the SO 2 molecule when they are highly undercoordinated. The SO 2 adsorption stability is enhanced from −0.8 to −9.3 kcal/mol by increasing the number of vacancies from 0 to 14, with the lowest adsorption energy of −10.2 kcal/mol at 8 Au vacancies. Atomic sulfur and oxygen precovered-Au(111) surfaces lower the Hg stability when Hg adsorbs on the top of S and O atoms. However, a cooperative effect between adjacent Hg atoms is observed as the number of S and Hg atoms increases on the perfect Au(111) surface, resulting in an increase in the magnitude of Hg adsorption. Details of the electronic structure properties of the Hg−Au systems are also discussed.
INTRODUCTION
The release of mercury (Hg) from coal combustion is of serious global concern.
1−3 Due to its toxicity, the U.S. Congress included mercury and its compounds in the 1990 Clean Air Act Amendments as a hazardous air pollutant. In December 2011, final standards were issued for limiting mercury, acid gases, and other toxic species from coal-fired power plants under the U.S. Environmental Protection Agency's (EPA's) Mercury and Air Toxics Standards (MATS) ruling. 4 Various sorbents or catalysts may be used in the combustion flue gas environment to capture and/or oxidize elemental Hg (Hg 0 ), including activated carbon, metal oxides, metal sulfides, and pure metals. 5−7 For coal gasification applications, transition and noble metals have been outlined as potential promising sorbents for Hg capture 2,8−11 in part because of their stability at high temperatures and their regeneration potential. These metals also have the potential to serve as Hg oxidation catalysts for coal combustion applications.
In particular, Au surfaces have been examined as a potential oxidation catalyst for Hg 2, 11, 12 since Au may be catalytically very active in the form of nanoparticles on suitable supports. According to a pilot-scale study of Hg oxidation in flue gas conducted by Blythe et al., 13 although precious metal catalysts (Au or Pd) are high in cost, the cost difference between precious-metal catalysts and carbon-based sorbent catalysts is expected to be minimal due to the larger volume (44% more) requirements of the carbon-based materials. After 8 months of service, both Au-and Pd-based catalysts showed greater than 90% Hg oxidation, declining to 47 and 51% after 18 months, respectively. These catalysts have exhibited greater reactivity than selective catalytic reduction (SCR) catalysts (i.e., titanium/vanadium).
Although bulk gold surfaces are generally weakly active for most catalytic reactions due to its lack of a partially filled d band, 14, 15 the catalytic reactivity of Au may be significantly enhanced through deposition onto various support materials, including oxide supports such as TiO 2 , SiO 2 , Fe 2 O 3 , Al 2 O 3 , MgO, and ZnO. 16−18 These supported heterogeneous gold catalysts have been intensively investigated, 19, 20 in addition to enhanced catalytic reactivity sourced from highly reactive undercoordinated Au atoms, which is the case with SO 2 decomposition on undercoordinated Au(111). 21 Although the studies of supported and undercoordinated Au catalysts provide an understanding of the more realistic catalytic behavior, the investigation of single-crystal surfaces is also of importance for increasing understanding of fundamental mechanisms associated specifically with Au.
The oxidation of Hg in the flue gas occurs mainly by chlorinating species 2, 11, 12 such as HCl in the postcombustion environment, in which its concentration is on the order of hundreds of ppm, several orders of magnitude greater than Hg, which is on the order of ppb levels. 11 The interaction between Au and Cl has been widely investigated previously. 22−24 Besides the significant role of Cl in Hg oxidation on Au, sulfur and oxygen are also important factors on the Hg oxidation mechanism due to the S-and O-rich environment of the flue gas. Sulfur has a strong affinity for the Au(111) surface 25 and experimental and theoretical results show that atomic sulfur bound to Au(111) has a unique mobility (compared to other metals) that allows changes in adsorption-site coverage. 26 Also, oxygen adsorption can play a role in the Au surface reactivity. Experimental investigations show that atomic oxygen can release gold atoms from the Au(111) surface 27 and that clean Au surfaces exhibit chemical reactivity toward water when covered with atomic oxygen. 28 The adsorption of electronegative species containing the elements Cl, S, and O has been found to significantly affect the morphology of the Au surface. 24 As indicated previously, gold in the presence of atomic S or O can undergo reconstruction by releasing gold atoms, thereby producing a higher density of undercoordinated Au sites. 29 A supported Au surface may contain enough defect sites to enhance the catalytic activity of Au for O 2 or SO 2 29 dissociation with the dissociated atoms likely occupying active surface sites because of the much larger concentration of these species in comparison to Hg 0 in the flue gas environment. For instance, SO 2 concentrations tend to be at ppm levels while Hg 0 concentrations are at the ppb level. 30 A possible mechanism of sulfur deposition on the Au surface is through decomposition pathways involving SO 2 and SO 3 followed by potentially bound elemental sulfide or oxidized sulfate species. 21 Understanding SO 2 adsorption on Au is necessary toward the elucidation of Hg oxidation on Au since sulfur may act to occupy binding sites for Hg as discussed in the Hg capture by activated carbon under varying conditions of SO 2 and SO 3 concentrations in the flue gas, 31 but may also provide a route for Hg adsorption via HgS compounds as discussed in the adsorption of Hg by Pd/Al 2 O 3 in the presence of H 2 S in the fuel gas. 32 In the studies reported herein, density functional theory (DFT) methods have been applied to investigate the interaction between Hg and defective Au(111) surfaces. This was done as a first step toward understanding the Hg oxidation mechanism on gold surfaces, since it is well-known that Hg adsorbs to Au, Pt, and Pd surfaces, 11 appearing to react from an adsorbed state. 2,33−35 We also examine SO 2 binding on defective Au(111) surfaces and Hg−S and Hg−O interactions on clean Au(111) surfaces to determine how these species adsorb and potentially influence Hg adsorption. Details of the electronic properties of these investigated systems are also discussed.
COMPUTATIONAL METHODOLOGY
Density functional theory calculations were performed using the Vienna ab initio Simulation Package (VASP).
36−39 Ultrasoft Vanderbilt pseudopotentials 40 are used to describe core orbitals, and electron exchange correlation functionals were calculated using the Perdew and Wang 41 approximation (PW91) described by a generalized gradient approximation (GGA). The PW91 exchange-correlation functional has been known to provide a better description of Au−Au binding than Perdew−Burke−Ernzerhof (PBE) and revised-PBE (RPBE) functionals. 24 A plane-wave expansion with a cutoff of 350 eV was employed with a Methfessel and Paxton 42 Gaussiansmearing of order 2 with a width of 0.1 eV. Geometric relaxation was obtained with the conjugate-gradient (CG) algorithm until the forces on all the unconstrained atoms were less than 0.03 eV/Å. The surface Brillouin zone integration is calculated using 5 × 5 × 1 and 10 × 10 × 1 Monkhorst-Pack Scanning tunneling microscopy studies show that bare Au(111) surfaces form a (22 × √3)R30°reconstruction resulting in a herringbone pattern. 44, 45 Given that the energetic difference between the ideal (1 × 1) surface and the herringbone reconstruction is small, i.e., ∼0.02 eV per surface atom 45 and that the presence of several adsorbed molecules will lift the reconstruction, the simulated Au surface is modeled without the reconstruction. 46−48 The Au(111) surfaces were represented with an ideal four-layer slab and a 14.5 Å-thick vacuum region to prevent interactions between periodic images. The xy-plane is parallel to the surface and the z-axis is perpendicular to the surface. The bottom two layers are fixed at the equilibrium lattice constant, calculated through bulk energy minimization simulations, e.g., 4.18 Å, with the top two layers relaxed. A four-layer slab shows converged surface energy of 0.044 eV/Å 2 compared to that of a 20-layer slab (0.043 eV/Å 2 ) as described in Section 1 of the Supporting Information. This surface energy is consistent with a previous DFT study 24 reporting a surface energy of 0.044 eV/Å 2 . Although the calculated surface energy is underestimated compared to the experimental value 49 of 0.0936 eV/Å , the PW91 functional shows improved accuracy compared to the PBE and RPBE functionals. 24 The defective Au(111)−p(4 × 4) surfaces were modeled with 16 atoms in each layer and with a varying number of Au vacancies. A dipole correction associated with the asymmetric slab and the periodic boundary conditions 50, 51 was incorporated and tested, but not included due to its negligible effect on adsorption energy (i.e., less than 0.08 kcal/mol or 4 meV for both Hg and SO 2 adsorption on defective Au surfaces with three and eight vacancies, respectively). The spin-polarized correction was also not taken into account because it had no substantial effect on Hg adsorption on the defective Au surface with three vacancies (i.e., less than 0.001 kcal/mol or 0.05 meV). Additionally, the defect-free Au(111)−p(2 × 2) surfaces with 4 atoms per surface were used to investigate the interaction of Hg with S and O atoms precovered on the defect-free surfaces. To validate the accuracy of the pseudopotentials, the bond length, dissociation energy, and harmonic vibrational frequency of an Hg dimer was calculated and compared against experimental data in previous work. 33, 35 The adsorption energies (E ads ) of Hg and SO 2 on defective Au(111)−p(4 × 4) surfaces are calculated as E ads (Hg or SO 2 ) = E Au+Adsorbate − E Au − E Adsorbate where the three terms on the right-hand side represent the energy of the Au surface with the adsorbed Hg or SO 2 , the energy of the Au surface, and the energy of gas-phase Hg or SO 2 , respectively. The adsorption energy of Hg on S or O atoms precovered on defect-free Au surfaces are defined as E ads (Hg) = E Precovered+Adsorbate − E Precovered − E Adsorbate , where the first two terms on the right-hand side indicate the energy of the S or O precovered-Au surface with adsorbed Hg and the energy of the S or O precovered-Au surface, respectively. With this definition of adsorption energy, the more negative the energy, the stronger the interaction. The formation energy of an n-vacancy surface (E f_vac ) was evaluated as E f_vac = E Au_vac − E ref + nE bulk where n is the number of the vacancy, E Au_vac is the energy of Au (111) 3. RESULTS AND DISCUSSION 3.1. Hg Adsorption on Au(111). On the defect-free Au(111) surface with a Hg coverage of 0.0625 monolayer (ML), the 3-fold hollow site was found to be the most stable for Hg adsorption, but exhibited relatively weak physisorption energies of approximately −9.7 kcal/mol. As the number of vacancies surrounding the 3-fold hollow site increases, the strength of the interaction between Hg and Au increases as shown in Figure 1 , but only up to three vacancies. When the top surface has three Au vacancies, the adsorption energy increases by a factor of 1.3, from −9.7 to −12.6 kcal/mol, but the adsorption energy decreases rapidly with more than 3 vacancies. This trend may be attributed to a favorable interaction between the Hg atom and the vacancy. One missing Au atom from the Au(111) surface creates a vacancy site or hexagonal hole (see Figure 1 ) thereby accumulating charge symmetrically around the edge of the hexagonal hole. 23 With more than 3 vacancies on the Au(111)−p(4 × 4) surface, the symmetry of the hexagonal hole is altered and the Au surface atoms form adatoms rather than the hexagonal hole. Due to a favorable interaction between the Hg atom and the vacancy site, the Hg atom relaxes toward the vacant hexagonal site resulting in shortening the distance between the Hg atom and the edge of the hexagonal site. For example, the shortest distances of the Hg−hexagonal site are 2.99 and 2.95 Å for surfaces with single vacancies at sites b and c as shown in Figure 1 , respectively. With 3 vacancies, the shortest distance is 2.93 Å, indicating a stronger stability of Hg on the defective Au surface. To confirm these results, the stability of S and O atoms on the same defective Au surfaces was also examined. As shown in Section 2 of the Supporting Information, a similar trend was observed for both species, showing the highest adsorbate stability on surfaces in which 3 Au vacancies are present. Another similar adsorbate stabilization trend with increased surface vacancies was observed for Cl adsorption on Au(111). 23 The d-band of transition metals plays a central role in the adsorption process; more specifically, the position of the geometric mean of the d-band center relative to the Fermi level is a good measure of the relative reactivity of a given surface. 52, 53 As the d-band center shifts upward to higher energies, the antibonding orbitals will become less available.
Interestingly, although the upward shift of the d-band center to higher energies serves as a good indicator of enhanced surface reactivity, the configurational arrangement of the surface atoms more significantly affects the stability of Hg on the Au surfaces. The Hg stability is relatively higher when the Au surface maintains the hexagonal vacancy, even though its dband center of the surface is relatively lower, as shown in the Au surface examples of 3 and 9 vacancies in Section 3 of the Supporting Information. The Hg stability decreases as the symmetry of the hexagonal vacancy is disrupted. In addition, the formation energy of the vacancy (E f_vac ) (i.e., the energy required for bond cleavage to create a vacancy site) is likely to be associated with the trends of the Hg adsorption energy and the d-band center; however, the correlation is consistent only when the number of surface atoms is the same. For example, E f_vac for three different Hg adsorption energies on Au with 9 vacancies (f1−f3) in Figure 1 are 3.54, 2.91, and 2.64 eV, respectively, and are subsequently inversely proportional to the Hg stability. However, E f_vac for the three Au configurations with 3 vacancies are proportional to the Hg stability as shown in Section 3 of the Supporting Information. These observations indicate that the configurational arrangement of the Au surface atoms is a critical factor that significantly affects the Hg stability rather than E f_vac and the d-band center.
The projected density of states (PDOS) of Hg adsorbed to the 3-fold hollow site of the (a) defect-free Au(111) surface and the (b) surface with 13 vacancies is shown in Figure 2 3.2. SO 2 Adsorption on Au(111). Figure 3 shows SO 2 binding on the Au(111) surfaces with vacancies. As shown, the Au surface atoms are better able to stabilize the SO 2 molecules when they are highly undercoordinated. All Au(111) surfaces with vacancies can exothermically bind SO 2 . This result is supported by experimental observation of sulfur deposition on Au that is linked to the presence of highly reactive, undercoordinated Au atoms. 21 Interestingly, although the E f_vac for Au surfaces with 2 vacancies (ad and be in Figure  3 ) are equivalent at 1.15 eV, SO 2 adsorption on the Au surface with the ad vacancies (−3.4 kcal/mol) is three times more stable than that with the be vacancies (−1.1 kcal/mol). This is probably because the SO 2 molecule on the ad vacancy surface is directly exposed to the edge of the vacant hexagonal site that attracts adsorbates due to accumulated charge around the edge of the hexagonal site, similar to the case of Hg adsorption on the Au(111)−p(4 × 4) surface.
The adsorption configuration of SO 2 does significantly affect its adsorption energy with metals. For example, the adsorption energy of SO 2 varies on perfect Pt(111)−p(3 × 3) surfaces ranging from −1.7~−28.1 kcal/mol. 54 The most favorable configurations of adsorbed SO 2 may include a parallel configuration of SO 2 on Ir(111) 55 and a tilted configuration on Pt(111) 54 where the S atom and one of the O atoms are bound to the surface with the second O atom oriented to the vacuum space. In the current study, the tilted SO 2 configuration was the most favorable on the defective Au(111) surface with 14 vacancies (−12.9 kcal/mol, see Section 4 of the Supporting Information), but a vertical configuration in which two O atoms are interacting directly with the top Au atoms (−9.3 kcal/mol) as shown in Figure 3 was examined to facilitate computational calculations. Various configurations of SO 2 adsorption on the Au(111) surface with 14 vacancies are shown in Section 4 of the Supporting Information. Furthermore, cooperative effects due to neighboring SO 2 −SO 2 interactions have also been shown to contribute to increasing the extent of sulfur deposition on Au surfaces experimentally, 46 ,56 but they are not taken into account in the current study.
Shown in Figure 4 is a plot of the PDOS for SO 2 26 and atomic oxygen on Au(111) with 0.25 ML (−68.0 kcal/mol), 57 atomic S and O will adsorb more strongly to the stable 3-fold sites of Au(111) compared to Hg. To understand if the adsorbed S and O influences Hg adsorption, surface S and O coverages of 0.25 ML and 0.5 ML on a defect-free Au(111)−p(2 × 2) unit cell were modeled and the interaction of Hg with the S or O precovered-surface was investigated. The adsorption energies for the different surface configurations are presented in Table 1 . Overall, when Hg adsorbs on the top sites of S and O atoms, the Hg stability is lower compared to the vacancy-free Au(111)−p(4 × 4) surface (−9.7 kcal/mol) shown in Figure  1 . Additionally, Hg adsorption in parallel with atomic S on a p(4 × 4) surface was investigated as shown in Section 5 of the Supporting Information. This result indicates that each Hg and S atom adsorbs separately at 3-fold hollow sites and that the Hg stability (−8.9 kcal/mol per Hg) is also slightly lower than that of the clean Au surface.
As the amount of atomic S (or O) and Hg increases on the defect-free Au(111) surface, the adsorption energy of Hg increases, suggesting a cooperative effect between adjacent Hg atoms. Previous studies have confirmed that lateral Hg−Hg interactions are favorable on Cu(001), 10 Cu(100), 58 and Ni(100). 59 When Hg coverage increases from 0.125 to 0.5 ML by changing a Cu(001)−c(4 × 4) surface to a c(2 × 2) surface, the weak attractive Hg−Hg interaction gains a small energetic advantage of 0.9 kcal/mol; however, a Cu(001)−c(1 × 1) surface with a Hg coverage of 1.0 ML leads to a repulsive lateral Hg−Hg interaction at Hg−Hg distances less than 2.6 Å. 10 In the current study it has been found that the Hg−Hg interaction on the S precovered-Au(111) surface is energetically favored by 1.7 and 4.1 kcal/mol per Hg when coverage is increased from 0.25 to 0.5 ML at the 3-fold hollow and top sites, respectively. The nearest Hg−Hg distance at 0.5 ML coverages at the 3-fold hollow and top sites is 3.41 and 2.95 Å, respectively. It should be also noted that the behavior of Hg adsorption on hollow sites of clean Au(111) surfaces was reported differently, resulting in lower Hg stability at higher coverage (i.e., −8.8 kcal/mol for 0.25 ML and −8.1 kcal/mol for 0.5 ML). 10 In the current investigation, this discrepancy might be attributed to an effect associated with atomic S precovering the Au surface. In the case of the Hg−Hg interaction on the atomic O precovered-Au(111) surface, a similar trend is observed as in the atomic S precoveredAu(111) surface, but with an increased attractive Hg−Hg interaction as indicated in Table 1 .
On the other hand, when Hg adsorbs in a parallel configuration with atomic S on a p(4 × 4) surface, the Hg stability becomes lower with increasing Hg coverage from 0.0625 to 0.125 ML (i.e., from −8.9 to −5.0 kcal/mol per Hg), as described in Section 5 of the Supporting Information. This is due to the fact that each Hg and S atom separately adsorbs at 3-fold hollow sites on a larger surface, resulting in a Hg−Hg distance of 6.40 Å, which is too long and in general results in a negative effect of adsorbate coverage on Hg adsorption 10, 26, 57 (i.e., the adsorbate becomes less stable as its coverage increases).
Note that in Table 1 the Hg adsorption energy of 0.25 ML HgX (where X = S or O) at the top site is lower (more stable) than that at the 3-fold hollow site. Because atomic S and O adsorb more strongly to the 3-fold hollow sites of Au(111) than other surface sites, 26, 57 the Au surface precovered with atomic S (or O) at its top site is relatively much less stable (higher energy) compared to the Au surface with atomic S (or O) at the 3-fold hollow site. This results in increased Hg stability as the Hg atom interacts directly with the S (or O) atom adsorbed at the top site of Au. Additionally, adsorption energies of an HgS molecule (without precovered species) for the 0.25 ML HgX systems of Table 1 are −64.5 and −36.9 kcal/mol at the 3-fold hollow and the top sites, respectively. This indicates that the 3-fold hollow site of Au(111) is a more favorable adsorption site than the top site. Figure 5 shows the PDOS for HgS (a) and HgO (b) on the top site of the Au(111)−p(2 × 2) surface with a coverage of 0.25 ML. In Figure 5a , the peak at approximately −11.6 eV corresponds to the bonding interaction between the Au dorbital and S s-orbital. The S p-orbitals are strongly hybridized with the Au d-orbitals and shifted to the lower energy level, which is primarily responsible for the binding of HgS with S bound directly to the Au surface. Also, comparing to the Hg d- orbital of a gas-phase HgS molecule in the inset of Figure 5a , the d-orbital of Hg interacting with the Au surface is hybridized with the d-orbital of Au between approximately −6 and −3 eV. This contributes to the stability of the HgS molecule on the Au surface. Furthermore, the interaction of HgO on the Au(111) surface is similar to the interactions for HgS. In Figure 5b , as compared to Figure 5a , the peak corresponding to the HgO interaction is much deeper at approximately −16.5 eV. The Hg d-orbital hybridization of HgO with the Au d-orbital is stronger, more broadened, and more shifted to the lower energy level than that of HgS, which is responsible for the stronger Hg−O interaction than the Hg−S on the Au surface as shown in Table  1 .
For environmental technology implications, the current work serves as a first step to providing insight on the behavior of Hg on defective gold, which will facilitate the investigation of mechanisms associated with Hg oxidation pathways for the design of effective Hg control technologies. The current work may be applicable to not only Hg oxidation that takes place from adsorbed Hg species, but also Hg capture through the formation of Hg−Au amalgams, 60 which require an initial monolayer of chemisorbed Hg on the Au surface along with adequate Hg partial pressure. For example, according to the stability of Hg adsorbed on defective Au(111) surfaces with varying number of vacancies, it will be important to recognize that a proper number of Au vacancies is necessary for maximizing Hg uptake on these materials. To promote Hg removal by using Hg oxidation, however, a balance in the Hg adsorption strength may be necessary to provide stable binding of Hg for initial oxidation while still allowing for the desorption of oxidized Hg species to the gas phase for capture downstream in existing control devices such as wet flue gas desulfurization units. This balance may be introduced when gold surfaces are precovered with atomic S and O species according to the current study. The future work should investigate the oxidation pathways via O 2 or halogenation for downstream Hg capture in a wet scrubber. 
